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SUMMARY

NUMBERS

testsarepresentedfora wingwiththe
andof symmetricalsectionin cakdnation
from0.5to0.95andfromLog to 1.51.

ThetestReynoldsnumbersvariedfrom0.35to 0.52millLon.Measured
lift,drag,andpitchin~omentcoefficientsfor theconfiguration
arecomparedwithcorrespondingcalculatedcharacteristics.The
resultsindicatetba.tavailable-lytical methodsmayhe usedwith
confidenceh thepredictionofrthevariationswithMachnmnberof
theliftofhighlyswept’wings.It isalsofoundthatthemeasured
trendsof theminimumdragcoefficientwithMachnumbercompare
favorablywiththoseindicatedby theorythroughouttheMachnuniber
-e ofthetests.ThelowRefioldsnumbersof thetestsvirtually
invalidateany”quantitativecomparisonof themeasuredcharacteristics
ofpitchhgmomentanddragdueto liftwiththosecalculatedby the
methodsof tiviscidtheory.However,theresultsareusefulin L
indicatinggrosschangeswithMachnumberof theaerodynamic-center
location
ratio”to
moderate

andtheapproximate-magnitudeof themaximumlift-drag
be ~ected fora highlysweptW5ngconfigurationat
supersonicMachnumibers.

INTRODUCTION

R. T. Joneshastidicatedinreference1 thepossibilityof
developingpracticablevaluesofmaximumI-if&dragratioat super- ,
sonicMachnumberswithwingssweptwellbehhd theMachcones !.

emanatingfromtheleadingedges.To examinethispossibilityexperi-
mentallyandto determinetheaerodycsmicpropertiesof suchhighly
sweptwingsunderotherflightconditions,an extensivewind+mmel
investigationhasbeenundertakeninseveralfacilitiesof’theAmes
AeronauticalIabcmatory.Testshavebeencompleted(references2, 3,

.
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,

and4)andothersareinprogresstodeterminetheprincipalaer~
-C characteristicsofa configurationmggestedbytheanalysis
ofreference1 overa broadrangeofMachandReynoldsmmibers.The
presentinvestigationwasinitiatedintheAmesl-by +1/2-foot
high+peedwindtunneltodeterminetherespectivevariatiauswith
Machnurfiberofthelift,&rag,em.dpitch~omentcoefficientsof
theselectedconfigurationat transonicMachnumbersbeyondthereach
of othercurrentlyavaibblewindtuonels.

Theconfigurationconsistsofa wtngwiththeleadingedgeswept
back63°incmibinationwitha bodydesignedtohavetheminimumdrag
at supersonicspeedsfora givenlengthandvolume.Thewingwas
designedfromaerodynamicconsiderationsandfromthestructural
criterionofreference1 toprovideusefulmaximumlift4z-agratios
atMachnumbersup toabout1.5.

Theresultsofthetivestigation=e ofadditionalvalueasan
indicationoftheapplicabilityofa nu?iberof linearizedtheories
atMachnunibersforwhichtheyhavebeenconsideredinvalid.

SYMBOIS

()&aspectratio ~

wingspan, feet

localchord,feet

()j“b/2@’ *
meanaerodynamicchord

&b/2c dy

“

.

, feet

()dragdragcoefficient—
qs

minimumdragcoefficient

incrementIndragcoefficient(fXX~n)

liftcoefficient
()
y

liftcoefficientcorrespondipto*bum dragcoefficient

--!$$
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incrementinliftcoefficient

&ag+rlEefactor

pitching~mentcoefficient
[

m&mum lift4ragratio

free-streamMachnumber

free-streamdynamic prQm3ure,

momentabout(5/4)
qsc 1

poundspersquarefoot

Reyaoldsnuniber,basedonmeanaerodynamicchord

wingarea,squarefeet

lateralcoordinatemeasuredfromtheplaneof synmetry,feet

angleofattack,degrees

jetboundarycorrectionb

taperratio
(

tipchord
rootchord)

APPARATUSAND

angleofattack,degrees

TESTMmHoDs
ThetestswereconductedintheAmes1- by 3-1/2-foothigtipeed

windtunnelwhichisequippedwitha flexiblenozzlepermittingtests
at bothsubsonicandsupersonichch numbers.

Themodel,whichwasconstructedof steel,wasof thesamebasic
configurationas thatof thetestsofreference2. Thewingconsisted
ofNK!A6kQi406sectionsin thestreamwisedirection.~ jordimensions
of themodelandthemeridiancurveof thebodyareshowninfigure1.
Themodelwassupportedfromtherearof thebodybya stingthatwas
shieldedfromdirectairloads. (Seefig.2.)

Lift,drag,andpitchingmomentweremeasuredona three-
componentstrain-gagebalanceatanglesofattackvariedinapproxi-
mately1° incrementsfrom<0 to7°andat Machnumbersfrom0.5to
O.~ andfrom1.09to 1.51. TheReynoldsnumbervariedfrom0.35to

.0.92millionas showninfigure3.

Schli.erenobsemtionsof theflowfieldaboutthemodelwere

W’-
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madeat supersonicMachnumbers.Severalrepresentative
arepresentedh figure4.

REDUCTICIROFIlkI!A

Allforcesandmomentsweremeasuredaboutthewind

,
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photographs

axesandare
presentedintheconventionalcoefficientform.At subsonicMach
numibersthefollowingjetboundarycorrectionsto theangleofattack
anddragdueto lift,determinedby themethodsofreference5,were
appliedtothedata:

k= 0.398CL

ACD= 0.007CL2

Blockagecorrecticmswerefoundtobe negligibleforthemodelinves-
tigatedandweregotapplied.to thedata.

Possibleinterferenceeffectsbetweenthesupportsystemandthe
modelwereeliminatedby correctingthemeasureddragfortheforce
resultingfrcmthedifferencebetweenthepressuremeasuredat the
baseofthebodyandthefrebstreamstaticpressure.By thismeans,
whichwasalsoemployedinreference2, thebasedragofthebodyis
subtractedfromthetotaldragofthemodel.Themeasureddragvalues
werefurthercorrectedfortheeffectsonthebodyofthestatic
pressuregradientsofthefreestream.

Althoughzeroliftat zeroangleofattackwasobtainedatall
subsonicMachnumbers,wherethestreaminclinationislmowntobe
negligible~thiswasnottrueat severalsupersmicMachnumbers.In
theseinstances,theanglesofattackwerecorrectedby theamount
requiredto shifttheangleof zerolifttotheorigin.Thedrag
coefficientswerecorrespondinglycorrectedforthecorrectionstothe
anglesofattack.Thestream—anglecorrectiondidnotexceed1°.

RESULTSANDDISCUSSION

Lift

——

-.

.

.

Thecurvesof liftcoefficientasa functionofangleofattack
forthemodelatalltestMachnmibersarepresentedinfigure5.
Thesehavebeendrawnas straightlinesalthoughthetestpointsat
thelowerMachntmibersindicateactualvariationsthataresomewhat
nonlinear. At thelowtestReynoldsnumbersthenonlinearcharacteb -
isticscouldbe causedbylargedifferencesinthethicknessesofthe

.
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boundarylayersor intherespectiveextentoftheseparatedflow
regionsontheupperandlowersurfacesofthewingatthetrailing
edges.lheithercasethecmiberofthe~ sectionswouldbe
effectivelyaltered.

In figure6, thevariationof themeanlift-curveslopewithMach
numberforthemodelis cmqparedwiththetheoreticalvariationforthe
wingandwiththeresultsof thetestsofreferences2, 3,andh. The
calculatedvalueswereobtahedby themethodsofreferences6 and7.

At subsonicMachnunibersIt is seenthatno liftdivergenceoccurs
andthatgoodagreementexistswiththetypeofvariationof lift-curve
slopewithMachnuaiberpredictedby theuseuf lift-line theoryand
theextensionsof thePrandtl+lauertruledescribedinreference6.
Theagreementofthepresentresultswiththoseofreference3,at a much
greaterReynoldsnuniber,isalsogood. Thehcrementof lift+curveslope
contributedby thebodyisappreciable,as is indicatedinfigure6 by the
resultsofreferencek. ThisbodyMft accountsfora ma~orportionof
thedifferencebetweenthe.presentresultsandthecalculatedresultsfor
thewingalone.

At supersonicMachnuniberstheagreementbetweentheresults “
obtainedwiththemodelandthecalculatedvaluesvariesfromgoodto
fairwithincreasingMachnumber.It shduldbe notedthattheeffect
oftheb- hasnotbeenconsideredinthecalculations.At 1.5Mach
number,agreementof thepresentresultwiththatofreference21 is
excellent,butbothresultsaresomewhatamal.hrthanthevaluecalm
latedat thatMachnumber.As waspointedoutinreference2 thelack
ofagreementwithinviscidtheoryisassociatedwiththeextensive
@minarseparationexistingovertheaftsectionsgftheuppersurface
of the~ atmoderateauglesofattack.Thisflawseparationresults
inau effectivechangein theairfoilc@ber thatdecreasesthelift.

Drag

Thevariationsof dragcoefficientwithliftcoefficientofthe
modelat theseveraltestMachnunibersarepresentedinfigure7. n
orderto facilitatea studyandcomparisonof experimentalandcal~
lateddragcharacteristics,itiscotuvenientto separatethetotal
dragintotwommponents:mhimumdrag@ dragdueto lift.

1
TheReynoldsnumberof0.69x10Sindicatedonthefigureforthe
resultsofreference2 isbaseduponthemeanaerodynamicchordof
themodelandcorrespondsto thevalueof 0.62x106asusedinthe
referencereportbaseduponthemeangeometricchord.
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Minimumdragcoefficient.- Thevariationoftheminimumdrag
coefficientofthemodelwithMachnumberisshownh figure8. It
canbe seenthatno appreciablechangeinminimumdragcoefficient
occurredat subsonicMachnumbersalthoughtherewasa slightrise
inthevaluesbetween0.90andO.% Machnumber.Thisvariationis
alsoindicatedby theresultsofreference3 obtainedata higher
Reynoldsnumber.Valuesofminimumdragcoefficientcalculatedby
themethodsofreference8 areshownforboththefullylaminarand
fullyturbulentboundary-layerconditions,sinceitwasnotpossible
toassesstheexactproportionsofeacht~e offlowthatexistedon
themodel.It isseenthattheobservedandcalculatedtrendsof the
minimumdragcoefficientagreewellat subsonicMachnumbersandthe
measuredvaluesfallwellwithinthetndicatedskinfrictionlimits.

. Theobservedincreaseinminimumdragcoefficientoccurringwhenthe
Machnuriberisincreasedto supersonicvaluesisingoodagreement
withthepredictedincrease,andthemeasuredvaluesremainwithin
theboundariesof laminarandturbulentskinfriction.Thecalc~
latedvariationofthepressuredragcomponentoftheminimum&ag
coefficientofthewingat supersonicMachnumbersisbaseduponthe
resultsofreference9,whichapplyspecificallyto symmetrical
doubl~wedgesections.Justificationfortheapplicationofthe

. resultsofreference9 totheroundedleading-edgeprofileofthe
presentmodelmaybe foundinreference2. Thecorrespondenceof
thepresentresultswiththoseofreference2 at 1.53Machnumber
anda somewhathigherReynoldsnumberisfair.

Dragduetolift.-Thecomponentofthedragcoefficientthat
isduetoliftisrelatedto themaximmlif=ag ratiointhe
followingmannerfora wtngof symmetricalsection:

whereitisconvenienttoconsiderthedragduetoliftintheform
of A,CD/4CLz,termedthe“drag-risefactor~llThus,ritcanbe seen.
thattliedra~risefactorcaninfluencethemaximumlift-dragratio
tothesamedegreeastheminimumdragcoefficient.Thevariation
ofthemeasureddrag-risefactorispresentedinflgure9 withtwo
calculatedvariationsthatdescribethelimitingvaluesof thedrag-
risefactorat eachMachnumber.Thelowercalculatedcurveisthe
variationoftheminimumvaluesofthedragdueto lift,thatis,
theconditionofcoqpleterealizationofthetheoreticallyavailable

——

—

“
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Leawdge thrust. At subsonicMachnumbers,thiscurvewas
obtainedfromreference6 and,thevaluesareverynearlyequalto
l/JKA,thevaluefora wingwithan ellipticspanloading.At supez=
sonicMachntiersabove1.43,thecalculatedoptimup&a&rise
factorwasobtainedby themethodsofreference~. Thevariationof
thevaluesbetweenl!achnumbersof1.43and1.0hasbeenrepresented ,
by a straightline. Theuseof l/mA as thevalueofthedra~rise
factorata Machnumberofunitycanbe justifiedby theanalysisof
reference1. Theuppercurverepresentsthedra~risefactorforthe
caseof zeroleadin&edgethrustat eachMachnumber.Sincethis
casecorrespondsto theconditionforwhichtheresultantforceacts
normaltothechordline,thecurvehasbeendeterminedas thevaria-
tionof thereciprocaloftheexperimentallif&mrve slope.At
subsonicMachnumbers,it isseenfromtheresultsshowninfigure9
thattheavailablelea~e thrustwasnotcompletelyrealizedon
themodel.It isbelievedthatthislossofleaedge thrustwds
causedby flowseparationneartheleadimgedgesthatoccurredat the
lowtestReynoldsnmibers.It isalsonotedthatthemeasureddra~
ris-factorvariationvirtuallyparallelstheuppercurveup toMach
numbersofabout1.2,butat thehighersupersonicMachnunibersthe
expertientalresultsapproachthecalculatedlowerlimitingcurve.

Thecauseofthediscre~cybetweentheresultofthisreport
at thehighestMachnuniberandthatofreference2 isnotlnmwn.

MaximumLif&DragRatio

In figureI-O,themeasuredvariationofthemaximumlift+trag
ratiowithMachnumberiscmqparedwiththeexperimentalresultsof
references2 and3 andthecalculatedvariations.Thelattervari*
tionsarebaseduponthecalculatedminimumdragcoefficientsshown
infigure8 andthecalculatedoptimumdra~risefactorsshownin
figure9. By refermceto figure8,wherethemeasuredminimumdrag
coefficientsareseentofall.wellwithinthecalculatedlimits,it
isdeducedthata majorportionofthedifferencebetweenthepresent
measuredszdcalculatedmaximumlif=ag ratiosis dueto thehigh
valuesofdragdueto liftobservedat thelowtestReynoldsnunibers.
Furthermore,about60percentofthedifferencebetweenthepresent
maximumlift#ragratiosandthoseofreference3 canbe tracedto
theimproveddra~risefactorsaccompanyingthehigherReynolds
numberofthelatterinvestigation.Thecloseragreementofthe
presentresultswithcalculatedvaluesat thehighersupersonicMach
numbersisprhmrilya reflectionof thecorrespondingtrendof
agreementshownby themeasureddra~risefactor.Thelackofagre+

~“ce2”rge’yresmentbetweenthepresentresuL

x’
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f%omtheUscrepancy
previously.
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betieentherespectivedra&risefactorsnoted
.

Theprincipalconclusiontobe drawnfromtheseresultsisthat,
forthetypeofplsnforminvestigated,maximumlif-ag ratios
measuredat MY Reynoldsnuuberscannotbe assumedtobe reliablefor
‘predictionofperfomnanceat thefull-scaleReynoldsnumbers.Itmay
alsobe concludedforthepresentcasethatthefailuretorealize
theoreticalmaximumlif+dragratiosisdue,
correspcmdingfailureto realizetheoretical

PitchingManent

ina largepart,to the
drag-risefactors.

Curvesofpitchin&mmentcoefficientasa functionof lift
coefficientforeachtestMachnuniberareshowninfigure11. The
resultsofreference3 forthehigherReynoldsnuniberandtheresults
ofreference2 arealsoplottedinthefigure.Thelargedifferences
betweenthepres=tresultssndthoseofreference3 thatareapparent
infigure11arebelievedtobe duetothedissimilarityofthe
boundarplayerconditionsexistingat thewidelydifferenttest
Reynoldsnumbers.Thecorrespondenceofthepresentresultsadthat
ofreference2,ata Machnumberofabout1.5andat similarReynolds
numbersyisgocd.

Thelocationsoftheaerodynamiccenterofthemodelat the
variousMachnumbershavebeendeterminedfrm theslopesof the
pitchin&mmentcurvesbetweenO and0.2liftcoefficientendare
shownh figure12.

Correspondingvaluesfromreference3 arealsoshownasarevalues
calculated.by themethodsofreferences6 az&7 whereverapplicable.2
At subsonicMachnunibers,thepresentvariationof locationofthe
aerodynamiccenterwithMachnumberissimilarto thatofreference3,
althoughtherateofrearwardmovementat thehigherMachnumbers
exhibitedby thepresentres~tsis‘probablytoolarge.Althoughthe
presentresultsarenotbelievedtooffera quantitativerepresentaticm
ofaerodynamic-centerlocatimsathighReynolds?m.mibers,theyroughly
verifythemagnitudeofthetotaltheoreticalrearwardshiftofthat
parameterovertherangeofthetestMachnumbers.

2Themethodofreference7 cannotbe usedatMachnumbersbelowthatat
whichtheMachconesemanatingfromthetrailin&edgeapexcrosses
theleadingedges(1.43Machnumber).

.
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Fromthe“resultsof

9
~

CONCLUSIONS

tests~rformedona wingwiththeleading
edgesweptback63oandof symmetricalsectionincotiinationwitha
bodyatMachnumbersfromO.~to 0.95andfroml.ogto 1.51,it is
concludedthatforhighlysweptthinwingsofmoderateaspectratio:

1. ThevariationsofliftanddragcoefficientswithMachnumber
arecontinuousandsmall.

2. Thetotalrearwardshiftofthelocationoftheaerodynamic
centeroccurringbetweenMachnwibersof0.5and1.5corresponds
approximatelyto thatpredictedby theuseoftheoreticalmethods.

3. 5e liftcharacteristicscanbe estimatedwithreasonable
accuracyby analyticalmethcdsforMachnumbersashighas 1.5.

4. Thetrendwithllachnumberofthevaluesofminimumdrag
coefficientW similarto thatindicatedby theoreticalnwthods.

5. Measurementsofdragdueto liftandpitchingmomentat sub-
sonicWch nmibersandlowReynoldsnuniberscannotbe considered
quantitativelyrepresentativeofthecorrespondingcharacteristicsat
muchhigherReynoldsnuuibers.

AmesAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

MoffettField,Calif.
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(a)Sideview.

(b)Planview.
.
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Figure2 .– Modelon stingsupport.
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(a)M = O. (b)M = l.Og, sideview.

.

(c)M = l.lk,planview. (d) M = 1.14, sideview.

.

17

Figure4.- Typical6chlierenphotographsoftheflowaboutthemodelat
sonicMachnunbers.
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(e)M=l.24,planview. (f)M= 1.24,sideview.

(h)M=l.51,sideview.(g) M=l.51, p-view.

Figure4.- Concluded.
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